The surgeon must use the results of preoperative computed tomography findings and scintigraphic studies to make a subjective decision during lung volume reduction surgery with regard to the best incision line.
L ung volume reduction surgery (LVRS) has recently become a common procedure for the surgical treatment of pulmonary emphysema. 1 This procedure reduces the lung volume by excising over-expanded emphysematous tissue to increase lung elasticity and contraction, improve thoracic compliance, and improve physical ability and symptoms of dyspnea. 1 The surgeon uses his or her experience to determine the best line of excision from examination of preoperative chest computed tomography (CT) and scintigraphic studies, together with the intraoperative macroscopic appearance of the affected region. The development of a method for differentiating emphysematous and normal lung tissue in a real-time and quantitative manner would increase the accuracy of selection of the incision line and lead to optimum reduction of lung volume.
In addition, it has been reported that the recurrence rate of pneumothorax can be as high as 10% when thoracoscopic bullectomy is selected as a treatment method. [2] [3] [4] In contrast, the recurrence rate is approximately 1% to 2% when thoracotomy is performed for bullectomy in a similar situation. [2] [3] [4] This difference in pneumothorax recurrence rates is believed to be partly caused by the fact that bullae tend to be easily overlooked during thoracoscopic surgery because of the presence of a flaccid lung during single lung ventilation.
2-4 Detection of small or flaccid bullae that cannot be recognized macroscopically greatly decreases the postoperative occurrence of pneumothorax.
Infrared thoracoscopy that can detect 2 different wavelengths of infrared light can display indocyanine green (ICG) with an absorption peak in the infrared light region (805 nm) as blue. We induced emphysema in the lung of a dog and observed and imaged the emphysematous lung with infrared thoracoscopy in accordance with the principle that the emphysematous lung has a reduced blood flow.
Our objectives were to develop a canine model of pulmonary emphysema and to identify emphysematous areas of the lung by using infrared thoracoscopy.
Methods and Materials

Experiment 1: Development of the Canine Model of Pulmonary Emphysema
Porcine pancreatic elastase (PPE, 350 U/kg body weight; Elastin Products Co, Owensville, Mo) was dissolved in distilled water (1 mL/kg body weight). Seven beagle dogs (body weight 10-12 kg, mean body weight 10.7 kg) were anesthetized by intramuscular injection of xylazine (Selactal, 5.0 mg/kg; Bayer Ltd, Tokyo, Japan) and ketamine (Ketalar, 125 mg/kg; Sankyo Co, Ltd, Tokyo, Japan). After introducing a bronchoscope (Olympus: 1T40, Tokyo, Japan) into the bronchi, we inserted a Swan-Ganz catheter (7F; Edwards Lifesciences, Irvine, Calif) into the segmental bronchus through the channel of the bronchoscope under mechanical ventilation. The injected lung lobes were selected randomly as follows: right upper lobe in 2 dogs, right lower lobe in 1 dog, left upper lobe in 2 dogs, and left lower lobe in 2 dogs. PPE solution was injected selectively into each lobe through the catheter. After the PPE solution had been injected and the balloon of the Swan-Ganz catheter had been blown up, the opening of the bronchus through which the PPE had been injected was blocked for 15 minutes to prevent backflow of PPE. Four weeks after injection, the PPEinjected lungs and normal lungs were observed histologically. At this time, chest CT was performed to obtain radiologic images in all animals. The CT numbers of the PPE-injected lobes, normal lobes, and the tracheal lumen were determined at 6 points in each area in a random manner.
Experiment 2: Observation of the Normal Lung and Emphysematous Lung with Infrared Thoracoscopy
Infrared thoracoscopy. Infrared thoracoscopy uses an instrument that irradiates an infrared light (805 nm and 940 nm) from a light source, receives reflected light with a charge coupled device camera, and displays the data on the monitor after signal conversion. 5 Infrared light at 805 nm is displayed as red and green components on the monitor, and infrared light at 940 nm is displayed as a blue component. Any object that reflects all colors is displayed as white because all 3 colors are mixed, and objects that reflect little light at 805 nm are displayed in blue because only light reflected light at 940 nm is detected. ICG is displayed in blue (Figures 1 and 5) .
A 22 GA plastic catheter (Angiocath; Becton Dickinson Infusion Therapy Systems Inc, Franklin Lakes, NJ) containing ICG was inserted into the removed lung. The collapsed lung and catheter with ICG were observed with infrared thoracoscopy. By the insertion angle of the catheter, it was possible to know how deeply infrared thoracoscopy can observe lung parenchyma.
Observation of the normal lung. The lung of a control dog (12 kg, n ϭ 1) was observed under normal light and infrared light by using thoracoscopy. We injected 25 mg of ICG rapidly into the forearm vein for observation of the lung under infrared light. The Observation of emphysematous lung with infrared thoracoscopy. Four weeks after injection of PPE into the adult beagle dogs (10-12 kg; n ϭ 7), their lungs were observed with the normal light and the infrared thoracoscope. We then rapidly injected 25 mg of ICG into the forearm vein to observe the lungs under infrared light. After observation, chest CT was performed, and then all dogs were killed for histologic examination. 
Results
Development of the Pulmonary Emphysema Model
We injected PPE into all 7 dogs. The histologic appearance of the normal lung is shown (Figure 2 ). The normal lung tissue had an alveolar structure similar to that of normal human lung. All 7 experimental dogs had macroscopically hyperexpanded and less flaccid emphysematous changes in the PPE-injected lobes. The histologic appearance of the PPE-injected lobes is shown (Figure 3) . The alveolar structure had been destroyed, and histologic evidence of pulmonary emphysema was clearly apparent. Chest CT revealed findings consistent with those of pulmonary emphysema in the area of the injection (Figure 4) . The CT numbers of PPE-injected lung tissue, normal lung, and the tracheal lumen were Ϫ868.8 Ϯ 18.6, Ϫ752.2 Ϯ 32.5, and Ϫ1013 Ϯ 27.1, respectively. There were significant differences between the CT numbers of the PPE-injected lung tissue and the normal lung tissue (P Ͻ .0001) ( Table 1 ). The CT numbers of the PPE-injected lung tissue indicated a density more similar to that of air than that of normal lung tissue.
Observation of the Normal Lung with Infrared Thoracoscopy
The observation of the catheter containing ICG revealed that infrared thoracoscopy could observe normal lung parenchyma 0.2 cm in depth. This depth seems to change according to the state of the lung. We rapidly injected ICG into the forearm vein of the normal control dog to observe the thoracic cavity under infrared light. Blue staining began after approximately 6 seconds and reached a peak 8 seconds after the intravenous injection ( Figure 5 ). Infrared thoracoscopy after ICG injection gave images that were strongly blue in areas of atelectasis. During the 10-minute observation period, the intensity of the blueness diminished slightly but remained easily distinguishable.
Observation of the Pulmonary Emphysema Model Lung with Infrared Thoracoscopy
The conventional thoracoscopic (white light thoracoscopy) examination failed to detect the emphysematous area. With infrared thoracoscopy, there were differences between the PPE-injected lobes and normal lobes of the 7 experimental dogs in the time of onset of blue staining after intravenous ICG injection. Pulmonary lobes not injected with PPE began to stain blue in 10.7 Ϯ 4.8 seconds. In contrast, lobes injected with PPE began to stain blue in 25.8 Ϯ 9.4 seconds; in the injected lobes there were significant delays in the onset of blue staining compared with the uninjected lobes (P ϭ .003). In addition, when we compared both areas histologically, damage to the alveolar structure and emphysematous changes were clearly apparent in the areas of delayed blue staining ( Figure 6 ).
Discussion
We developed a successful canine model of pulmonary emphysema by injecting PPE inside the bronchi. Various methods of development of the pulmonary emphysema model have been reported. [6] [7] [8] [9] [10] However, we chose the method of bronchial injection of PPE 11 because it was simple and reliable. Evaluation of pulmonary emphysema was performed histopathologically, and damage to the alveolar structure was observed. In addition, chest CT revealed features of pulmonary emphysema in the injected lungs. There were significant differences between the CT numbers of PPE-injected lung tissue and those of normal lung tissue. The CT numbers of the PPE-injected lungs indicated a density more similar to that of air than did those of the uninjected lungs. From these results, we consistently confirmed the successful induction of pulmonary emphysema-like lesions in dogs through PPE injection. In our observation of the normal lung by infrared thoracoscopy, all lobes began to stain blue simultaneously approximately 6 seconds after the intravenous injection of ICG. Areas of atelectasis were stained dark blue. ICG has an absorption peak of approximately 805 nm, 12 and it appears blue when there is weak reflection of light with a wavelength of approximately 805 nm. This weak reflection occurs because intravenously injected ICG spreads in the bloodstream and is distributed over the lung. 13 Regions of atelectasis appear as an intense blue because they are less well pneumatized than inflated lung tissue and are thus highly dense, with a higher blood flow. The intensity of the blue staining is thus determined by the amount of blood flow in the area. Lobes in which emphysema was induced by PPE injection had a significantly delayed onset of blue staining compared with uninjected lobes. In addition, areas that showed delayed onset of blue staining were histologically determined to be highly emphysematous. Therefore, we believe that the tissue density of the emphysematous lung was lower than that of normal lung because damage to the alveolar structure led to expansion of the alveolar cavity; consequently, a difference in the intensity of the blue staining was created as the blood flow decreased. Our observation that areas displaying a delayed onset of blue staining were histologically areas of pulmonary emphysema indicates that the administration of ICG under infrared thoracoscopy allowed us to distinguish emphysematous lung tissue from normal lung tissue. In a clinical situation, the target area in LVRS is not surrounded by normal lung tissue but by less emphysematous tissue. We must try the clinical examination in a trial and error manner.
By using this method, it will be possible to identify areas with highly emphysematous changes and to select an appropriate incision line for LVRS. Furthermore, this method will be useful for finding small bullae and blebs that might otherwise have been overlooked during video-assisted thoracoscopic surgery for spontaneous pneumothorax. 
